Introduction
In certain clinical situations, such as shock, hypotension or renal failure, it is necessary to determine the fluid status of the patient to guide fluid therapy. Both hypovolemia, which might be suspected in shock, and hypervolemia resulting from fluid overload, can cause the patient's deterioration and eventually lead to death [1, 2] . Giving the right amount of fluid to the right patient would be the best solution, but how to choose such a patient?
There are two approaches that might be adapted by the intensivist, as far as fluids are concerned. One can perform a fluid challenge [3] or one can predict fluid responsiveness [4] [5] . When performing a fluid challenge, the attending intensivist infuses fluids and analyses the clinical effect in terms of increase in the blood pressure, cardiac output, central venous pressure (CVP), pulmonary artery occlusion pressure (PAOP), and signs of shock and tissue perfusion improvement. Thus the response is given after the treatment. In contrast, with the fluid responsiveness approach, the intensivist analyses and records some indicators before fluid infusion to predict the effect in terms of increasing the cardiac output [6] . Fluid responsiveness assessment can help to select patients who might benefit from fluid therapy. Selecting the so-called "fluid responder" does not mean obligatory fluid therapy. The decision whether to give fluids or not, should be based on a holistic approach.
Fluid responsiveness can be assessed noninvasively by transthoracic echocardiography (TTE) [7, 8] . TTE, thanks to its non-invasiveness, bears no negative consequences for the patient. The downside is its lack of continuity and every change in patient's condition has to be verified in repeated examination. Also it requires a lot of experience for proper assessment, because the result of the examination can play a major role in the patient's management.
The subject of this educational paper is an overview of the most important parameters measured by transthoracic echocardiography, used to assess fluid responsiveness in the critical care patient namely the spontaneously breathing patient and the patient on mechanical ventilation.
Heart-lung interactions during mechanical ventilation.
During spontaneous breathing (ie, negative intrathoracic pressure), right atrial pressure is low, impedance to the blood flow to the right ventricle is also low, and systemic venous return is normal. Initiation of positive pressure ventilation (invasive or noninvasive) increases intrathoracic pressure, which is transmitted to the right heart (ie, increased right atrial pressure) and can result in a decrease in systemic venous blood return (ie, decreased right heart preload). This effect is most pronounced in situations of significant increases in mean intrathoracic pressure and/or decreases in intravascular volume (ie, septic, hemorrhagic, or hypovolemic shock). In summary, positive pressure ventilation (PPV) increases mean intrathoracic pressure and reduces right ventricular performance by decreasing right ventricular preload [9] .
In contrast to the right ventricle, the left ventricle receives blood from within the thorax (ie, right ventricle via the pulmonary circulation) and pumps it outside the thorax [9, 10] . Thus, the physiological effects of mechanical ventilation on the left ventricle are quite different from those on the right ventricle as described previously [9] . Applying a positive pressure ventilation will compress pulmonary capillaries and will increase right ventricle afterload. But it will also have consequences downstream by pushing blood from the capillaries to the left ventricle, improving left ventricle filling (LV) and left ventricle stoke volume (LVSV) [6] . Decrease in the LV afterload is also thought to explain the improvement in LV ejection during positive pressure ventilation [6, 11, 12] . It could be related to an increase in the intrathoracic pressure [6, 13] .
Static parameters to assess fluid responsiveness
A static parameter is a parameter measured under single ventricular loading conditions.
Inferior vena cava (IVC) diameter
Inferior vena cava (IVC) diameter is visualised in the subcostal view. The measurement is taken 2 centimetres from the right atrium at end expiration. If the patient is mechanically ventilated there is no correlation between the IVC diameter and fluid responsiveness, as demonstrated by Feissel et al. in septic shock patients [14] . However, small IVC < 10mm can predict positive response to fluids. In contrast, IVC with a large diameter (>20mm) often excluded any response to fluids [6, 14] .
Evaluation of ventricles
Analysis of ventricle size and function is one of the staples of echocardiographic examination. "Eyeballing", which is a visual assessment of the heart, is useful in the quick assessment of myocardial function. Of course "eyeballing" is not a perfect tool and can lead to discrepancies between different examiners [15] , but in quick decision making situations it plays the most important role.
Assessing LV size and its behaviour during the cardiac cycle is very helpful in determining fluid status in mechanically ventilated patients. Critically ill patients with suspicion of hypovolemia have small and hyperdynamic ventricles in echocardiographic examination [16, 17] . It does not mean that every patient with this kind of left cavity will be fluid responsive, but the chances become bigger the smaller the ventricle is. Fluid responsiveness is very probable when the so-called "kissing ventricles", phenomenon caused by end-systolic effacement (fig 1) is seen. Views dedicated for the assessment of "kissing ventricles" are the parasternal long axis view (PLAX) and parasternal short axis view (SAX). The diagnostic tool that is very helpful for the visualisation of "kissing ventricles" is motion mode (M-mode).
Suggestions: a. Small, hyperdynamic LV might correlate with fluid responsiveness in mechanically ventilated patients. b. "Kissing ventricles" diagnosed by echocardiography in patients in shock might require fluid bolus as the first line treatment. 3. Systolic anterior motion (SAM) of the anterior leaflet of the mitral valve SAM is a very interesting finding while performing echocardiography. SAM is seen in many clinical situations with impeded flow through the left ventricle outflow tract (LVOT) [18] . In the case of fluid depletion, especially when the left ventricle is small and hyperdynamic, there can be functional LVOT obstruction caused by the movement of anterior mitral valve leaflet towards the septum in systole (fig 2) . It is not easy to find while performing quick "eyeballing". SAM can be visualised in PLAX and five chamber view.
Suggestions: a. SAM can suggest fluid responsiveness, especially when it is diagnosed as a new finding in a previously healthy patient. Diagnosing requires an experienced echocardiographer. In conclusion, static parameters are not very useful in predicting fluid responsiveness in spontaneously or mechanically ventilated patients, except in patients with a very low preload.
Dynamic parameters to assess fluid responsiveness
A dynamic parameter is a parameter that changes during the breathing cycle or fluid infusion, as in the passive leg raising test (PLR).
IVC respiratory variations A) Spontaneously breathing patient
During spontaneous breathing IVC collapses during inspiration due to negative intrathoracic pressure. During expiration, when intrathoracic pressure increases to atmospheric pressure IVC diameter also increases. Collapsibility of IVC during spontaneous breathing can be assessed by the so-called "collapsibility index". The "collapsibility index", presented as a percentage, is calculated using the following formula:
where eIVC is the maximal IVC diameter during expiration and iIVC is the minimal IVC diameter during inspiration. It is very difficult to indicate what the exact cut-off value is indicating fluid responsiveness. In recent published papers the percentage was established to be as high as 40-42% [19, 20] , but values <40% do not rule out positive response to fluid therapy [20] (fig 3) . Of course the breathing pattern can affect changes in the IVC diameter especially when the patient presents with dyspnea. In such a patient "collapsibility index" is not reliable at all and IVC changes might be caused by diaphragm compression [21] .
Suggestions:
a. There is not enough data supporting using the "collapsibility index" in spontaneously breathing patients as a predictor of fluid responsiveness b. Latest studies showing good correlation between "collapsibility index" >40-40% and positive response to fluids are too small and more data is needed.
B) Mechanically ventilated patient
In mechanically ventilated patients, during inspiration the pressure in thorax increases due to positive pressure applied by the ventilator. Positive pressure impedes venous return and can cause IVC distension [14] . This phenomenon is the reverse situation to spontaneously breathing patients. IVC distension during mechanical ventilation can be assessed by the so-called "distensibility index". "Distensibility index" can be calculated using one of the two following formulas:
Distensibility index = where iIVC is the maximal IVC diameter during inspiration, eIVC is the minimal diameter during inspiration and mIVC is the mean of iIVC and eIVC. For this formula the cut-off value that correlates with fluid responsiveness is >12% [14] . The other formula is as follows:
Distensibility index = where iIVC is the maximal IVC diameter during inspiration, eIVC is the minimal diameter during expiration. For this formula the cut-off value that correlates with fluid responsiveness is >18% [22] (fig 4) .
There are some pitfalls with IVC measurement. In addition for the need to obtain a good-quality image, translational artifacts may be a problem. As the respira- tory cycles, it displaces liver and adjacent IVC. In such cases, there is no actual change in IVC size, although this is how it appears [6] . Moreover, IVC measurement is very difficult in patients after abdominal surgeries, where achieving a good view is often impossible.
Suggestions: a. In mechanically ventilated patients IVC "distensibility index">12-18% correlates well with fluid responsiveness.
Velocity-time integral (VTI) variation in left ventricle outflow tract (LVOT) in mechanically ventilated patients
Left ventricular outflow tract (LVOT) analysis plays a very important role in assessing fluid responsiveness. Flow through the LVOT is the final result of interactions between systemic and pulmonary circulations and pressure in thorax. All medical interventions should be verified by measurements done in LVOT. When a patient is mechanically ventilated, the positive pressure applied causes changes in the tidal volume. Tidal volume and subsequent changes in intrathoracic pressures can influence the volume of blood being pumped through LVOT. The view dedicated for LVOT assessment is a five chamber view. First of all, pulsed wave Doppler (PW) analysis is performed in LVOT ( fig 5) . It is important to place sampling volume as parallel as possible (within 15 degrees) to the outflow tract to avoid the underestimation of flow. Secondly, stroke volume (SV) or simply velocity-time integral (VTI) is measured. SV measurement requires measurement of LVOT diameter done in PLAX. For hemodynamic purposes VTI measurement is a good option, because any differences in LVOT diameter measurements can lead to big changes in SV.
Respiratory variations of VTI during mechanical ventilation correlate well with fluid responsiveness [23] . Because the respiratory cycle usually lasts a few seconds it is necessary to record all VTIs during the whole cycle. When differences between VTIs reach ≥20%, it means the patient might benefit from fluid infusion [17] . Another way to analyse differences in VTI is the measurement of maximal flow velocities in LVOT. Differences in maximal velocities ≥12% in septic shock patients correspond to positive response to fluids [24] (fig 6) .
Unfortunately there are many limitations in VTI measurements [25] [26] [27] [28] :
• The probe should be in the optimal position and incident angle parallel, near parallel to the LVOT.
• The patient has to be mechanically ventilated in a controlled mode with a tidal volume of at least 8ml/kg • The patient cannot breathe spontaneously.
• The patient should be in sinus rhythm.
• Abdominal hypertension should be excluded.
• These methods have been examined in patients with sepsis, but they have not been extensively examined in patients with concurrent heart disease.
• False-positive SV variations in right ventricle dysfunction. It is also possible to use continuous wave Doppler (CW) in VTI assessment. This method is particularly risk of aspiration (e.g. abdominal surgeries) or increase in intracranial pressure (e.g. head trauma or neurosurgeries).
• The technique is cumbersome and needs to be repeated. Suggestions: a. PLR can be used in spontaneously breathing and mechanically ventilated patients. b. PLR is valid both in patients with sinus rhythm and arrhythmias. c. Increase in VTI ≥12% correlates very well with fluid responsiveness. d. In the case of an increase in VTI during PLR that is less than 12%, the test remains inconclusive and it necessary to look for other signs and symptoms of hypovolemia. e. In the case of a decrease in VTI during PLR, it is necessary to exclude improper probe alignment. Lower VTI after image optimisation can mean harmful effect of fluid infusion. f. Remember the test limitations.
Conclusion
Transthoracic echocardiography is a good tool to assess fluid responsiveness in the critically ill patient. The most important test to predict fluid responsiveness is passive leg raising that can be reliably performed both in spontaneously breathing and mechanically ventilated patients. Inferior vena cava "distensibility index" and VTI variation assessment can only be performed in mechanically ventilated patients in a controlled mode. Although the role of echocardiography in a critical care setting is increasing, one has to remember the limitations of the technique. useful in the small and hyperdynamic left ventricle, when we suspect functional obstruction of LVOT. First of all, it is important to rule out any pathology in the LVOT tract causing anatomical obstruction (i.e hypertrophic cardiomyopathy, restrictive diseases). All these pathologies can generate high flow velocities in the left ventricle. Examination should start with PW Doppler, and after finding high velocities in the left ventricle (i.e. >1.5m/s), CW Doppler is placed parallel to the LVOT. High velocities in LVOT in the small and hyperdynamic left ventricle might suggest fluid responsiveness. Unfortunately, there is limited data in literature supporting high velocities in LVOT as a predictor of fluid responsiveness.
Suggestions: a. Differences in VTI ≥20% in mechanically ventilated patients correlate well with fluid responsiveness. b. Differences in LVOT maximal velocity ≥12% in mechanically ventilated patients in septic shock correlate well with fluid responsiveness. c. Remember the important limitations of the technique.
Passive Leg Raising (PLR)
Passive leg raising is a good alternative to fluid bolus in patients suspected of hypovolemia [29, 30] . During this test about 300 ml of blood is mobilised from lower extremities and is transported quickly to the heart. PLR is safe for the patient and completely reversible.
At the beginning of this test, the patient is in 45 o semi-recumbent position and then lowered to horizontal plane with legs raised to 45 o . In PLR we measure VTI in semi-recumbent position and again in horizontal plane with legs raised, about one minute after changing the patient's position. The biggest advantage of PLR is that it can be performed both in spontaneously breathing and mechanically ventilated patients [29, 31, 32] . It can also be performed in patients with arrhythmias [32] . Arrhythmias predispose to huge changes in VTI and it is absolutely necessary to take the sequence of at least five VTI measurements for the result to be credible. Increase in VTI of at least 12% in passive leg raising correlates very well with fluid responsiveness [32] (fig 7) .
The PLR test has some important limitations [25, 33] :
• Keeping the right alignment between the PW Doppler line and LVOT might be very difficult after leg raising. • This test is unreliable in case of abdominal hypertension, when compression stockings are used or in severe hypovolemia when there is not enough blood in the legs to cause changes in VTI.
• In patients after surgery it might be impossible to perform PLR due to pain (e.g. multiple trauma),
Fig 7.
After performing the passive leg raising test manoeuvre there is considerable increase in the velocity-time integral which suggests fluid responsiveness. On the left: three measurements of VTI before the passive leg raising manoeuver; on the right: increase in VTI of more than 12% approximately one minute after PLR was performed strongly suggesting fluid-responsivness.
